Porous Si is a nanostructured material that is of interest for molecular and cell-based biosensing, drug delivery, and tissue engineering applications. Surface chemistry is an important factor determining the stability of porous Si in aqueous media, its affinity for various biomolecular species, and its compatibility with tissues. In this study, the attachment and viability of a primary cell type to porous Si samples containing various surface chemistries is reported, and the ability of the porous Si films to retain their optical reflectivity properties relevant to molecular biosensing is assessed. Four chemical species grafted to the porous Si surface are studied: silicon oxide (via ozone oxidation), dodecyl (via hydrosilylation with dodecene), undecanoic acid (via hydrosilylation with undecylenic acid), and oligo(ethylene) glycol (via hydrosilylation with undecylenic acid followed by an oligo(ethylene) glycol coupling reaction). Fourier Transform Infrared (FTIR) spectroscopy and contact angle measurements are used to characterize the surface. Adhesion and short-term viability of primary rat hepatocytes on these surfaces, with and without pre-adsorption of collagen type I, are assessed using vital dyes (calcein-AM and ethidium homodimer I). Cell viability on undecanoic acid-terminated porous Si, oxide-terminated porous Si, and oxide-terminated flat (non-porous) Si are monitored by quantification of albumin production over the course of 8 days. The stability of porous Si thin films after 8 days in cell culture is probed by measuring the optical interferometric reflectance spectra. Results show that hepatocytes adhere better to surfaces coated with collagen, and that chemical modification does not exert a deleterious effect on primary rat hepatocytes. The hydrosilylation chemistry greatly improves the stability of porous Si in contact with cultured primary cells while allowing cell coverage levels comparable to standard culture preparations on tissue culture polystyrene.
Introduction
Silicon, in both bulk crystalline and nanostructured forms, has emerged as an interesting platform for tissue engineering [1] [2] [3] , cell culture [4] , and for interfacing cells with electronic devices [5, 6] . The porous form of Si shows significantly improved mammalian cell adhesion and viability [7, 8] , and improved implant stability in whole organisms [9] in comparison to flat crystalline Si. The ability to tune both nanostructure and surface chemistry of electrochemically prepared porous Si provides a means to adjust these parameters for successful integration with cells in culture or within the body. Indeed, much research is underway to take advantage of the tunable porous nature of the material for controlled drug release [10] [11] [12] [13] , and the material is being assessed in clinical studies [14] .
When porous Si is exposed to physiological conditions or cell growth media [15, 16] the native Si hydride surface rapidly oxidizes and subsequently degrades to the aqueous forms of silicic acid. Silicic acid is the soluble, bioavailable form of Si that is essential for normal bone development [17, 18] , however silicic acid can be toxic at high doses [19] . In our previous investigation of cell compatibility with porous Si [20] , we used primary rat hepatocytes as a probe for cytotoxicity of the material due to their importance in pharmacological and toxicological studies and as an example of a primary cell type sensitive to culture conditions [21] . We showed that despite surface degradation of ozone-oxidized porous Si, hepatocytes maintained similar viability and function compared to hepatocytes cultured on tissue culture polystyrene (TCPS) [20] .
Studies of cell compatibility with porous Si are relevant for in vivo and in vitro applications. Specifically, the ability of this material to detect chemicals [22, 23] , biomolecules [24, 25] , enzymatic activity [26] , and cells [27] [28] [29] presents the possibility that porous Si may play a role in in vitro sensing or in vivo diagnostic devices in which the material is in direct contact with live cells. Recently it was demonstrated that porous Si can be used to report loss of viability of hepatocytes in advance of traditional biochemical assays [28] . In this particular set of experiments, the surface of porous Si was protected from degradation by sealing the pores with polystyrene. However, many potential biomedical applications require the pore voids to be accessible and stable. In such cases the inner walls of the porous matrix must be protected from degradation in the aqueous cell culture environment without eliciting any undesirable effects on the cells.
In a prior study on porous Si biocompatibility, immortalized cell lines were cultured on porous Si samples that had been amineterminated by silanization with 3-aminopropyl trimethoxysilane [30] . This modification provided significantly improved stability and greater cell adhesion in comparison to oxidized porous Si. However, surface silicon species formed during silanization remain susceptible to nucleophilic and hydrolytic attack in aqueous environments due to the electron withdrawing power of the pendant oxygen atoms. In contrast, alkylation of the silicon surface via Si-C bonds results in a kinetically stable bond that has greatly reduced rates of degradation in aqueous environments [31, 32] and can withstand boiling in chloroform, water, acid, base, and fluoride solutions [33] .
In this work, thermal hydrosilylation is used to graft chemical species via surface Si-C bonds to generate a stable substrate for culturing primary rat hepatocytes. We attach three chemical species for cell adhesion and viability studies: dodecene, undecylenic acid, and oligo(ethylene) glycol. For comparison, cell adhesion and differentiated function was also assessed on ozone-oxidized porous Si, flat Si, and standard tissue culture polystyrene. Viability was assessed using vital dyes, and albumin production was monitored over the course of a week as a sensitive measure of liverspecific function over time. Cell adhesion and short-term viability were studied with and without a collagen layer adsorbed to the surface, because collagen I has been shown to play an important role in hepatocyte adhesion [34] and is a major structural component in many tissues. The goal of this work is to identify classes of chemical modifications to porous Si that can be used for in vitro and in vivo studies in which long-term surface stability is achieved and cell viability is maintained.
Materials and methods

Porous silicon formation
Porous Si samples used in cell culture were prepared from p-type silicon (boron doped, 7 U-cm resistivity, C100D orientation) by electrochemical etch in a Teflon etch cell employing a 2-electrode configuration. A Pt mesh electrode functioned as the counter electrode. Current density of 15 mA/cm 2 was applied for 5 min in an electrolyte consisting of 1:1 v/v solution of 100% ethanol (Pharmco-AAPER, Brookfield, CT) and aqueous hydrofluoric acid (48%, EMD Chemicals Inc., Gibbstown, NJ).
Chemical modification of porous silicon
1-dodecene (Sigma-Aldrich, St. Louis, MO) and undecylenic acid (Sigma-Aldrich, St. Louis, MO) modified surfaces were prepared by thermal hydrosilylation of freshlyprepared porous Si. Employing standard Schlenk and syringe inert atmosphere handling methods [35] , samples were submerged in neat alkene and degassed with 3 freeze-pump-thaw cycles prior to heating at 120 C for 2 h in a N 2(g) environment. Samples were then rinsed with ethanol, dried, and stored under vacuum until use. Samples modified with amino-dPEG 4 -tert-butyl ester (Quanta BioDesign, Ltd., Powell, OH) were prepared using a technique similar to a previously reported procedure [36] . Briefly, the surface was first modified with undecylenic acid, then coupled to amino-dPEG 4 -tert-butyl ester (25 mL) in 10 mM N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDAC, Sigma-Aldrich, St. Louis, MO) in ethanol for 2 h at room temperature. Oxidized porous Si samples were prepared by exposing freshly etched porous Si to ozone from a Trio3 Ozone Systems T-12 ozone generator for 15 min.
Characterization by FTIR and contact angle measurements
Chemically modified porous Si samples were characterized by Fourier transform infrared (FTIR) spectroscopy using a Nicolet-Magna 550 spectrometer in transmission mode. Sessile drop contact angle measurements were collected on a minimum of two samples per surface chemistry using a sample stage, commercial digital camera, and Adobe Photoshop for analysis. Contact angles from three separate deionized water droplets with a volume of 5 mL were measured on both sides of the droplet and averaged for each chip. Contact angle measurements were also performed on freshly etched porous Si samples for comparison.
Hepatocyte isolation and culture
Hepatocytes were isolated from 2-3-month-old adult female Lewis rats (Charles River Laboratories) by collagenase perfusion as previously described in Ref. [37] . Less than 1 h after isolation, 1.5 Â 10 6 cells were seeded per Petri dish in media. Cells were cultured in Dulbecco's modified eagle medium (DMEM, Invitrogen) supplemented with 10% fetal bovine serum (FBS, Invitrogen), 0.5 U/mL insulin, 7 ng/mL glucagon, 20 ng/mL epidermal growth factor, 7.5 mg/mL hydrocortisone, 200 U/mL penicillin, 200 mg/mL streptomycin. During the experiments cells were incubated at 37 C in air containing 5% CO 2 .
Cell culture on porous Si and polystyrene petri dishes
Modified porous Si samples were sterilized with 70% ethanol for 1 h and rinsed twice with sterile water prior to collagen adsorption and cell seeding. Type I collagen, isolated from rat tails [37] , was adsorbed on samples of modified porous Si or the tissue culture polystyrene (TCPS) control by incubation in 2 mL of 0.1 mg/mL type I collagen for 1 h at 37 C, followed by rinsing with sterile water and cell media. Primary rat hepatocytes were seeded on the sample surfaces in fresh media and incubated at 37 C, in air containing 5% CO 2 with shaking every 15 min. After 90 min, samples were rinsed with media to remove any unattached cells and then placed in new cell culture dishes containing 2 mL of fresh media with serum for overnight incubation.
Cell attachment and viability assays
Cell attachment and viability on the chemically modified porous Si surfaces were studied using a different hepatocyte isolate on three separate days. Cells were seeded on porous Si or TCPS control with and without collagen pre-adsorbed to the surface. Hepatocyte attachment and viability were assessed after 24 h using the vital dyes calcein acetoxymethyl (calcein-AM) and ethidium homodimer-1 (EthD-1), both from Molecular Probes, Inc. The dyes were reconstituted as 1 mg/mL solutions in anhydrous DMSO. Samples with adhered cells were incubated with calcein-AM and EthD-1 for 30 min at a final concentration of 2.5 mg/mL. The samples were then washed with fresh DMEM, inverted onto coverslips and examined by fluorescence microscopy. Cells were observed and recorded with an inverted epifluorescence microscope (Nikon TE200) and attached camera (CoolSnap HQ). Images were analyzed using the Metamorph Image Analysis System (Universal Imaging, Westchester, PA) and data were normalized to the cell coverage on a tissue culture polystyrene standard (collagen pre-adsorbed), that was seeded with the same hepatocyte isolate. Normalized data obtained on 3 separate days were averaged. Coverage was taken to be total cells adhered to the chip after 24 h.
Functional analysis of hepatocytes on flat and chemically modified porous Si substrates
5 or 6 samples each of undecanoic acid-terminated porous Si, ozone-oxidized porous Si, and hydrophilic non-porous Si were sterilized, adsorbed with collagen, and seeded with primary rat hepatocytes. After 24 h the media was removed, a collagen gel overlay was applied to maintain cell function [37] , and cells were reincubated in media. The collagen gel overlay consisted of a 1 mg/mL collagen solution (in DMEM) that was applied for 1 h at 37 C for gelation to occur. Cell media was collected and changed daily for 7 days beginning 48 h after initial cell seeding. Media samples collected for albumin content analysis were stored at À80 C. Albumin concentrations were measured using enzyme linked immunosorbent assays (ELISA) as previously described in Ref. [38] . Antibodies were purchased from ICN/Cappel Laboratories (Cochranville, PA, USA). Albumin analyses were performed in triplicate from each sample on each day. The results were averaged and a cumulative sample average was obtained for each surface type studied. Total cells on each surface were calculated from the coverage and viability averages measured at 24 h. Separate coverage experiments and calculations were performed for crystalline Si samples. The data were then normalized to 10 6 cells to give units of mg/mL/day/10 6 cells.
Porous Si surface stability
Optical reflectance spectra were obtained on chemically modified porous Si and porous Si samples that had been used for the long-term hepatocyte culture viability studies. After termination of the long-term experiment, the samples were carefully rinsed with cell media to remove the collagen gel layer and hepatocytes and were further rinsed with water and air dried. A bifurcated optical cable was used to direct white light from a tungsten lamp source to the porous Si chip at normal incidence [28] . Reflected light was collected and transmitted through the other arm of the bifurcated fiber optic cable to a CCD spectrometer (Ocean Optics).
Statistics and data analysis
Coverage experiments and short-term viability experiments were performed on 3 separate days with a different cell isolate. Long-term viability experiments were performed on 5 or 6 samples for the 3 surface chemistries tested. Error bars represent the standard error of the mean. Statistical significance was determined using one-way ANOVA (analysis of variance) on Microsoft EXCEL and Tukey's posttest analysis with p < 0.05.
Results and discussion
Porous Si etching and characterization
The four types of chemistries studied in this work are shown in Fig. 1 . The first type shown is generated by room-temperature ozone oxidation. Ozone oxidation transforms the hydrophobic porous Si surface to a hydrophilic surface, possessing a combination of Si-OH and Si-O-Si surface bonds. Thermal hydrosilylation grafts organic species to the surface; the surface affinity is then determined by the specific functional groups on the organic molecule. This technique allows a comparison between surfaces containing a saturated hydrocarbon and carboxylic acid functionality. In addition, it has been shown that the terminal carboxylic acid group of a grafted undecanoic acid species can be used to further modify the porous Si surface [36] . Here we used a standard coupling reaction to incorporate a tert-butyl ester-oligo(ethylene) glycol unit onto the porous Si surface. The 4-subunit oligo(ethylene) glycol (OEG)-modified surface provides a versatile, non-adsorbing surface that is also relevant for cell patterning studies. Furthermore, the terminal tert-butyl ester group on the OEG unit can be used for additional covalent attachment of a molecule of interest, such as an antibody. The four products of the chemical reactions were characterized by FTIR (Fig. 2) and sessile contact angle measurements ( Table 1) .
The FTIR spectrum of a freshly etched porous Si sample (Fig. 2e) . The dodecyl-terminated porous Si sample (Fig. 2b ) displays bands assigned to asymmetric and symmetric n CH2 stretching vibrations at 2924 cm À1 and 2855 cm À1 , respectively. An absorption band due to C-H stretching vibrations of the terminal CH 3 group is also apparent at 2959 cm
À1
. The undecanoic acid-terminated surface displays similar n CH2 stretching bands (Fig. 2d) . Additionally, there is a strong band associated with the carboxylic acid n C]O stretching vibration at 1710 cm À1 . Attachment of the OEG molecule (Fig. 2c) to the undecanoic acid- stretching of the ester indicating unreacted undecanoic acid remains on the surface. Ozone-oxidized porous Si (Fig. 2a) shows a strong vibrational band assigned to asymmetric Si-O-Si stretching in the region of 1200-1000 cm
. Stretching and deformation bands associated with the Si-H bonds are still present after hydrosilylation, indicating that the procedure does not replace all of the surface hydrides. Incomplete modification is the result of steric hindrance [39] . However, the chemistry is still effective at influencing bulk hydrophobic or hydrophilic character as indicated by the measured contact angles ( Table 1) .
The order of increasing hydrophobicity of the examined surfaces is ozone-oxidized < undecanoic acid < OEG < dodecyl. Silicon etched in ethanolic hydrofluoric acid is terminated with surface hydrides and results in a hydrophobic surface. Porous Si hydrosilylated with dodecene retains its hydrophobicity, although its stability in aqueous media is significantly improved relative to the freshly etched surface due to the kinetic stability of the Si-C bond. Reacting freshly etched porous Si with ozone produces surface oxides and hydroxides; the surface is correspondingly very hydrophilic. Hydrosilylation with undecylenic acid, an 11 carbon aliphatic containing a terminal carboxylic acid group, generates a moderately hydrophilic surface. The hydrophilic nature is retained if this surface is further modified with a 4-subunit oligo(ethylene) glycol molecule (OEG) containing a terminal tertiary butyl ester group.
The addition of the 4-subunit OEG molecule with the tert-butyl end group results in a slight increase in contact angle, by w7 , compared to the acid-terminated surface. The increase in hydrophobicity is ascribed to the replacement of the terminal carboxylic acid group with a terminal tertiary butyl ester moiety. FTIR results show remaining carboxylic acid groups on the surface, therefore the wettability of the surface is likely influenced by a combination of the undecanoic acid termination and the tert-butyl ester OEG termination. The contact angle measured for the 4-subunit OEG surface, 67 , is only slightly larger than values measured for 3-subunit, methoxy-terminated OEG layers formed on flat surfaces, which exhibit contact angles between 57 and 65 [40] [41] [42] . The nanotexture of the porous Si films may contribute to the observed contact angles; surfaces with high aspect ratio features such as those exhibited by porous Si have been found to display superhydrophobic properties [43, 44] .
The tert-butyl ester-oligo(ethylene glycol)-modified surface is expected to reduce nonspecific binding of cells by minimizing adsorption of the applied collagen and serum proteins present in the cell media, both of which are important in mediating cell adhesion and viability in vivo and in vitro. Studies have shown that surfaces presenting OEGs with terminal methyl groups are effective at reducing nonspecific binding of proteins [45, 46] . A recent study on OEG-modified porous Si showed that hydrophobic and hydrophilic ethylene glycol termination both display comparable inhibition of protein adsorption [47] .
Cell adhesion
Cell survival, differentiation, and response to their surroundings are mediated by interactions between cell surface integrins and extracellular matrix proteins present in serum. In the absence of these interactions, most non-transformed cells will undergo apoptosis [48] . Collagen type I is an important extracellular matrix protein in the liver, and hepatocyte attachment to collagen is primarily mediated by a 1 b 1 integrins [34] . Therefore, the ability of primary rat hepatocytes to adhere and survive for 24 h on chemically modified porous Si was assessed and compared with a standard laboratory cell culture preparation. The control consisted of cells cultured in media containing serum on tissue culture polystyrene (TCPS) with adsorbed collagen.
Porous Si surfaces were studied in the presence of serum, with and without added collagen I adsorbed to the surface. Cells were allowed to adhere for 90 min before wash and incubation in fresh media. Cell coverage on the porous Si samples were determined by imaging cells stained with calcein acetoxymethyl and ethidium homodimer-1 and normalizing to the TCPS control. Normalized results are presented in Fig. 3 and representative micrographs are presented in Fig. 4 .
In the absence of collagen adsorbed to the sample, significantly fewer cells attach to the modified porous Si surfaces compared with the control and to TCPS without collagen adsorbed. The highly hydrophobic dodecyl surface displays the fewest attached cells (2%) if collagen is not present to promote cell adhesion. The difference in cell coverage between the dodecyl surface and the undecanoic acid surface, which differs only by the terminal carboxylic acid, is apparent in the images of Fig. 4g and c, respectively. The observation that the hydrophilic surface leads to superior hepatocyte attachment and spreading in comparison to the hydrophobic surface is in agreement with related studies on hydrophilic glass and polymer supports [49] [50] [51] .
Hepatocyte coverage increases significantly if collagen is adsorbed on the modified porous Si samples prior to cell seeding. This improvement in cell adhesion when collagen is present is in agreement with previous results observed on oxidized porous Si [20] and on acrylonitrile copolymers [51] . When the undecanoic acid, ozone-oxidized, and OEG-modified surfaces are exposed to collagen type I prior to cell seeding, cells adhere at levels comparable to the TCPS control (Fig. 3) . Although the hydrophobic, dodecyl-terminated surface with pre-adsorbed collagen shows substantial improvement in cell coverage relative to the same surface without collagen (Figs. 3 and 4g-h ), this surface displayed significantly less cell attachment compared to the other collagencoated surfaces. This result is interesting, because it is known that collagen I adsorption is driven by hydrophobic interactions, and more collagen adsorbs on hydrophobic surfaces than hydrophilic ones [52, 53] . While adsorption of collagen and other serum proteins [54] increases on hydrophobic surfaces, the conformation of the adsorbed protein is different and can influence cell adhesion and morphology [54] [55] [56] . Total quantities of adsorbed protein were not measured in the present study, but in both experimental cases observed here (serum without collagen and serum with collagen), it is possible that serum proteins and collagen I adsorb to the hydrophobic surface in conformations that do not significantly enhance hepatocyte adhesion. Although hydrosilylation with both undecylenic acid and dodecene have been used to stabilize porous Si in aqueous conditions, our results show that the carboxylic acidterminated surface is better at maximizing hepatocyte coverage to levels observed using standard lab culture preparations (on TCPS).
Oligo(ethylene) glycol is commonly used to inhibit nonspecific binding of biomolecules to material surfaces and to create nonadhesive domains in patterning cells [57] . We tested hepatocyte adhesion to oligo(ethylene) glycol-terminated porous Si in order to determine if the short chain OEG can inhibit cell adhesion to porous Si. Cell coverage on the OEG-terminated surface is low without adsorbed collagen (Fig. 4e ) and is likely due to the antifouling properties of the OEG surface and the inhibition of serum protein adhesion necessary to mediate cell binding to the surface. However, the result on the OEG surface is not significantly different from the other hydrophilic surfaces in this study (undecanoic acid and oxidized, Fig. 3 ). This observation is consistent with previous results comparing hydroxy-terminated OEG to silicon oxide on porous Si [30] . As noted above, exposure of the OEG surface to collagen I results in cell adhesion comparable to the control surface. Presumably, sufficient quantities of collagen are adsorbed to promote adhesion of significant numbers of hepatocytes (Fig. 4e, f) . This may be due to incomplete conversion of undecanoic acid residues to the OEG functionality (Fig. 2c) , thereby forming an inadequate surface density of the OEG. The result is also consistent with observations by Leckband and colleagues [58] that, in the presence of serum proteins, cells adhere to 3-subunit, methoxy-terminated OEGfunctionalized surfaces at levels comparable to polystyrene culture dishes. The prior study found that the cells were loosely bound to the 3-subunit OEG surface, and near complete inhibition of cell attachment was observed by increasing the chain length of the OEG polymer. Both chain length and surface density of the OEG molecule influence the antifouling properties of poly(ethylene) glycol (PEG) [45, 59] . In order to achieve the best antifouling properties for a given ethylene glycol chain, the coverage must be increased with decreasing molecular weight [60] . Inhibiting cell adhesion on porous Si may be improved with higher grafting density of the OEG or, alternatively, increasing the chain length.
Cell viability after 24 h
Ethidium homodimer-1, a stain that intercalates in the DNA of cells with compromised membranes, was used to identify and count non-viable cells after 24 h in culture. No apparent toxicity towards hepatocytes is observed for any of the porous Si samples tested. Primary rat hepatocytes survive equally well on all substrates studied over this time frame, irrespective of their chemical functionality or the presence of a collagen coating, Fig. 5 . Although no significant differences in viability are observed, greater variance was observed on the collagen-free ozone-oxidized and dodecene samples.
As previously noted, there are significant differences in the extent of cellular attachment between surfaces. Therefore, while the attached cells remain viable for all surfaces, the total number of cells varies drastically. The use of porous Si as a cell culturing platform requires not only that the cells be viable; they must also adhere to the surface. 4 -CH 2 COO-C(CH 3 ) 3 67 AE 2 
Long-term viability
In order to use the optical properties of porous Si for tissue based biosensing [28] , the cells must maintain function for an experimentally relevant time period. In previous work [20] , albumin production from hepatocytes cultured on flat Si and ozone-oxidized porous Si were comparable to cells cultured on polystyrene, suggesting that there are no cytotoxic effects of nanoporous silicon on primary hepatocytes. Albumin production, an indicator of liver-specific function, was measured for 7 days starting on day 2 after hepatocyte seeding and encapsulation in the collagen sandwich configuration. Measurements were performed on hepatocytes cultured on collagen-coated undecanoic acid and ozone-modified surfaces, because results from coverage and viability were most similar to the control, collagen-coated TCPS. Albumin production was also measured from cells grown on collagen-coated, hydrophilic, non-porous crystalline Si samples to allow comparison with previous work [20] and the results are presented in Fig. 6 .
Our results indicate that albumin production from hepatocytes cultured on crystalline and ozone-oxidized porous Si surfaces is at a level similar to that observed in the previous study. Slightly (h) Hepatocytes on dodecyl-terminated porous Si pretreated with collagen. Scale bar is 100 mm.
higher albumin production was observed from hepatocytes cultured on the undecanoic acid surface in comparison to the other hydrophilic Si samples.
It has been shown that the chemical properties of a material surface can influence the adhesion and function of cells in culture [61] [62] [63] [64] [65] [66] . Improved adhesion of mammalian cells is typically observed on hydrophilic surfaces as was observed here for hepatocytes on porous Si (Fig. 3) . However, the interplay between surface chemistry, adsorbed serum proteins, and hepatocyte protein production (particularly albumin) is not well established [49, 67] and some investigators have noted that hepatocyte protein expression can vary between hydrophilic surfaces [51] . Grant et al. showed that hydrophilic, primary amine-terminated copolymer surfaces have a deleterious effect on the maintenance of primary hepatocyte function in comparison to other hydrophilic polymers. The hydrophilic surfaces studied here appear to have no harmful effect on primary rat hepatocytes, and the ease of surface modification allows flexibility in tailoring the stability and functionality of porous Si while maintaining successful cell culture of primary rat hepatocytes.
Effect of porous Si surface chemistry on optical sensing in culture
Optical biosensors based on porous Si have been used to detect proteins [25] , DNA [24] , viruses [29] , and proteases [68] in wellcontrolled aqueous matrices. An important consideration for adapting this technology to in vitro or in vivo environments is the chemical and structural stability of porous Si in culture or other biologically relevant media. Silicon and SiO 2 are both thermodynamically unstable in aqueous solutions, and the nanostructured forms present in porous Si can degrade and dissolve rather quickly [69] . Certain surface modification chemistries reduce the rate of degradation to a negligible degree; alkylated porous Si in particular has shown considerable promise [31] . The applicability of porous Si as an optical biosensor in cell culture was assessed using optical interferometry.
The porous Si samples used in this study are uniform enough to display thin film Fabry-Perot interference fringes in the white light reflectance spectrum. Representative reflectance spectra of undecanoic acid-modified and ozone-oxidized porous Si samples are presented in Fig. 7 . The spectral pattern results from interference of light reflected from the air-porous Si interface and the porous Sibulk Si interface. The wavelength, l, of a given interference fringe is related to the refractive index, n, and thickness, L, of the porous Si film by the equation
where m is the spectral order of the particular fringe. Shifting of these fringes to shorter wavelengths can be used to quantify changes in refractive index [70] as the porous Si matrix oxidizes or dissolves. At the conclusion of the long-term hepatocyte culture experiments, the optical interference spectra of the acid-terminated and ozone-oxidized porous Si samples were probed to assess their degradation while in culture and in direct contact with cells. Whereas the thin film interference spectrum of the undecylenic acid-modified material is still apparent after 8 days in culture (Fig. 7A) , the ozone-oxidized sample has degraded to the point that the interference fringes are no longer observable (Fig. 7B ). Fourier analysis [71] of the spectra of the undecylenic acid-modified material indicate that the refractive index of the film is significantly reduced after this period. The result indicates that the porous Si matrix has undergone oxidation or dissolution, though the extent of the degradation is not as large as with the ozone-oxidized sample. While adsorbed protein can slow degradation of ozoneoxidized porous Si [30] , the structure did not withstand 8 days in cell culture. Of the samples studied here, undecylenic acid-modified porous Si provides the greatest coverage of primary cells while maintaining the integrity of the underlying optical sensor when in contact with live cells. However, the significant drift of the optical signal over the course of 8 days is probably too large to allow . Albumin production by primary rat hepatocytes cultured on undecanoic acidterminated porous Si (Si-(CH 2 ) 10 COOH), ozone-oxidized porous Si (Si-OH), and on a crystalline Si wafer (Flat Si) over the course of 8 days. All surfaces contained preadsorbed collagen I, and cells were overlayed with a collagen gel for maintenance of cell function. Double asterisks (**) denotes data points with significantly higher albumin production from cells cultured on undecanoic acid-terminated porous Si in comparison to cells on flat Si. Single asterisk (*) denotes data points with significantly higher albumin production from cells on flat Si in comparison to ozone-oxidized porous Si. p < 0.05. accurate biosensing, even with the most stable surface chemistry tested in this study. In order to perform in vitro biosensing, more stable porous Si modification chemistries such as methyl endcapping [72] or thermal carbonization via acetylene decomposition [73] may be necessary.
Conclusions
Successful culture of primary rat hepatocytes has been demonstrated on chemically modified porous Si. Primary rat hepatocytes adhere best to hydrophilic surfaces that are coated with collagen prior to cell seeding. The 4-subunit OEG-modified surface is not effective at inhibiting cell adhesion when collagen is physisorbed onto the surface at a concentration of 0.1 mg/mL. The extent of cellular adhesion is low on hydrophobic porous Si regardless of serum protein adsorption. Once seeded on the substrates, viability of hepatocytes is comparable to that observed on tissue culture polystyrene. Long-term viability is maintained on collagen-coated crystalline Si and on collagen-coated ozoneoxidized porous Si, in agreement with previous studies, and albumin protein secretion is maintained on the collagen-coated undecanoic acid-terminated substrate. Of the porous Si samples studied, the surface that has been hydrosilylated with a hydrophilic, carboxylic acid species (collagen-coated undecanoic acidmodified) shows the best stability and compatibility with primary rat hepatocytes. Fig. 7 . Representative optical reflectance spectra of (a) undecanoic acid-modified porous Si and (b) ozone-oxidized porous Si before and after 8 days in cell culture. Electrochemical anodization of the Si wafer produces a film uniform and thin enough to display Fabry-Perot interference fringes. After 8 days in cell culture, the optical spectrum of the undecanoic acid-modified sample indicates a moderate degree of oxidation and/or dissolution, while the ozone-oxidized sample has degraded to the point that thin film interference can no longer be observed.
